E)-Acetophenone oxime-benzoic acid (1/1), C7H602.CsH9NO, Mr=257.29, monoclinic, P21/c, a = 13.666 (1), b = 5.413 (2), c = 16.298 (1) A, /3= 108.55(1) ~, V=1282.7 (2) /~3, Z=4, Ox= 1.332 g cm -3 a(Mo Ka) = 0.71073/~, /z = 0.55 cm-~, F(000) = 544, T = 223 (2) K, R = 0.0454, wR=0.0445 for 1979 reflections [IFI ___3.92o-(F)]. (E)-Benzaldehyde oxime-benzamide (1 / 1), C7H7NO.-CvHTNO, Mr = 242.28, monoclinic, P2~/n, a = 5.283 (2), b = 10.478 (5), c = 22.893 (7),~, /3 = 99.73 (6) °, V = 1249 (2) A 3, Z = 4, Ox = 1.288 g cm -3, ,~(Mo Ka) = 0.71073 ,/k, ,u = 0.51 cm -I, F(000) = 512, T = 223 (2) K, R = 0.038, wR=0.036 for 1266 reflections [iFi_>3.92o-(F)].
Introduction
Previou~s investigations of compounds containing both carboxyl and oxime groups (Padmanabhan, Paul & Curtin, 1989; Maurin, Paul & Curtin, 1992a,b) have suggested a preference for the formation of strong oxime...carboxyl hydrogen bonds rather than centrosymmetrically related ones between like groups. Such studies suggested that if the oxime and acid groups were in different molecules, 1:1 complex formation might be observed. The similarity of the amide group to the carboxyl group has led to the discovery of analogous hydrogen bonding linking molecules containing both the 0108-7681/93/010090-07506.00 amide and oxime functions (Maurin, Paul & Curtin, 1992c,d) .
This paper describes the formation of a crystalline oxime-carboxylic acid complex and an oxime-amide complex and studies of the interaction of oximes and carboxylic acids in solution.
Experimental
Synthesis and infrared spectra of (E)-acetophenone oxime-benzoic acid ( 1 / 1) Reaction of acetophenone with hydroxylamine hydrochloride in alkaline solution (Fuson, 1962) and purification by recrystallization from ethanol-water solution gave crystals of (E)-acetophenone oxime (m.p. 330-331 K). The starting materials were obtained from commercial sources.
Fourier-transform infrared (FTIR) spectra were obtained with an IBM IR-32 spectrometer using 0.1, 0.5, 1.0 and 3.0mm NaCI cells. The spectra of benzoic acid, acetophenone oxime and 1:1 mixtures of the two components were studied in EEl 4 solution at concentrations of 0.2, 0.04, 0.02 and 0.007 M. In each case the product of concentration and layer thickness was held approximately constant. The spectra of solid components and 1:1 mixtures ground together in Fluorolube were also obtained. Crystallization of an equimolar mixture of (E)acetophenone oxime and benzoic acid (m.p. 395 K) from ethanol-water (1/1) or ethanol-cyclohexane (1/1) gave crystals of a new solid (m.p. 347-347.5 K) shown by X-ray diffraction to be the 1:1 complex. Infrared spectra indicated that the same complex was obtained by grinding the components together in a ratio of 1:1. Also, X-ray powder diffraction patterns of the grinding product showed lines that are absent from the powder pattern of either of the base compounds.
Synthesis and infrared spectra of (E)-benzaldehyde oxime-benzamide (1 / I)
Attempts at the simultaneous crystallization of the two compounds were carried out with ratios of the two components of 2:1, 1:1 and 1:2 in various organic solvents. Colorless prismatic crystals (m.p. 332 K) of the 1:1 complex were obtained by crystallization from a methylene chloride-methanol (6/1) mixture. Infrared spectra of benzamide and benzaldehyde oxime mixed in a 1:1 ratio (at concentrations of 0.1, 0.02, 0.01 and 0.003 M) were obtained in CHCI3 solution.
X-ray structure determinations of complexes
In each case a CAD-4 single-crystal diffractometer was employed using the at-0 scan mode with graphite-monochromatized MoKa radiation for data collection. The data were corrected for Lorentzpolarization effects but not for absorption or extinction. The structures were solved by direct methods using the SHELXS86 program (Sheldrick, 1990) and refined with the SHELX76 program (Sheldrick, 1976) . Scattering factors were taken from International Tables for X-ray Crystallography (1974, Vol. IV).
( E)-A cetophenone oxime-benzoic acid (1 / 1 )
Colorless needle-shaped crystals of benzoic acid with (E)-acetophenone oxime suitable for X-ray analysis were obtained from an ethanol-cyclohexane solution. A fragment of dimensions ca 0.30 x 0.39 x 0.69 mm cut from a longer crystal was used for data collection. The unit-cell parameters were obtained by a least-squares refinement of 25 reflections with 18.8 -< 20 ___ 27.4 °. At 223 (2) K, 3072 independent reflections were collected. Intensities were measured to 20 ---56 ° (0_<h___ 18, -7___k_0, -24___l___24). The systematic absences (0k0, k odd; hOl, l odd) led to the assignment of space group P21/c. No significant variations in the intensities of three standard reflections were observed. 1979 reflections were considered observed [l~-> 3.92tr(F)]. All of the non-H atoms were located from an E map. The H atoms attached to C atoms were positioned according to standard geometrical criteria. The two hydroxyl H atoms were located from a Ap map. Refinement on F of all H-atom positions together with their isotropic displacement parameters and the positional and anisotropic displacement parameters for the other atoms with weights based on tr(F) decreased the R factor to 0.045 and wR to 0.044 with S = 1.445. The weights used were 1.622/[tr(F) + 0.00035FZ]. The peaks in the final dp map were in the range -0.069 to 0.095 eA-3 The ratios of shifts to e.s.d.'s in the last cycle of refinement were all less than 0.009 with an average of 0.001. The data/parameter ratio was 1979/ 2321 = 8.53.*
( E)-Benzaldeh yde o xime-benzamide (1 / 1)
A crystal of dimensions 0.36 x 0.44 x 0.55 mm was used for data collection. The unit-cell parameters were obtained by a least-squares refinement of 24 reflections with 15.9 ___ 20 ___ 23.8 °. 1944 independent reflections were measured at 223 (2) K to 20 -_-48 ° (-6___h___6, 0_<k_<ll, 0<_1___26). The nonstandard setting P2~/n for P21/c was assigned based on systematic absences (0k0, k = 2n; hOl, h + l = 2n).
No significant variations in the intensities of three standard reflections were observed. 1266 reflections were considered observed [IFI---3.92tr(F)]. All of the non-H atoms were located from an E map. All H atoms were located in a Ap map. Refinement of all H-atom positions together with their isotropic displacement parameters and the positional and anisotropic displacement parameters for the other atoms with weights based on tr(F) decreased the R factor to 0.038 and wR to 0.036 with S = 1.238. The weights used were 1.675/[tr(F)+ 0.0004F2]. The peaks in the final Ap map were in the range -0.21 to 0.12 e A-3. The ratios of shifts to e.s.d.'s in the last cycle of refinement were all less than 0.002 with an average of 0.001. The data/parameter ratio was 1266/219 = 5.78.*
Phase diagram
The phase diagram of (E)-acetophenone oximebenzoic acid was obtained by measuring the melting points of ground mixtures with different molar ratios of benzoic acid and acetophenone oxime.
Discussion

(E)-Acetophenone oxime-benzoic acid ( I / 1)
The formation of a hydrogen-bonded complex by grinding together an equimolar mixture of benzoic acid and (E)-acetophenone oxime is one of an increasing number of examples of 'solid-solid' reactions (Patil, Curtin & Paul, 1984 Pennington, Patil, Curtin & Paul, 1986; Rastogi, Singh & Singh, 1977; Singh & Singh, 1981) . The single crystals needed for X-ray work could, however, only be * Lists of anisotropic displacement parameters, H-atom coordinates, and observed and calculated structure factors have been deposited with the British Library Document Supply Centre as Supplementary Publication No. SUP 55348 (20 pp.). Copies may be obtained through The Technical Editor, International Union of Crystallography, 5 Abbey Square, Chester CH1 2HU, England.
C7H602.C8H9NO AND CvH7NO.C7H7NO prepared by crystallization of the 1:1 mixture from ethanol-cyclohexane. The molecular structure of the hydrogen-bonded complex and the numbering of atoms are shown in Fig. 1 . The atomic coordinates and the equivalent thermal parameters of the benzoic acid-oxime complex are given in Table 1 . The bond lengths and angles involving the non-H atoms are given in Table 2 . The structure of the complex consists of a 1:1 arrangement of acetophenone oxime and benzoic acid held together by two hydrogen bonds in a fashion reminiscent of the dimeric structures in crystals of benzoic acid (Feld, Lehmann, Muir & Speakman, 1981) and of acetophenone oxime (Gieren, Hfibner & Ruiz-Perez, 1986 ).*
The structure of the approximately planar hydrogen-bonded cyclic dimer of benzoic acid has been studied in considerable detail (Feld et al., 1981) because of its remarkable ability to undergo a double proton transfer from the carboxyl O atoms [structure (A)] to the pair of O atoms to which they are hydrogen bonded [structure (B)]. These proton transfers are rapid in the solid state at room temperature (Agaki, Imashiro, Terao, Hirota & Hayashi, 1987 , and work cited therein) so that the structures of benzoic acid and many structurally related acids are disordered, a particular crystal site containing an unequal probability of occupancy by an (A) or (B) dimer. It has been shown that the unequal occupancy is a consequence of the unsymmetrical crystal environment of the dimer species; the potential molecular plane of symmetry through the two carboxyl C atoms normal to the approximate plane of the dimer unit is broken and the intermolecular forces acting on the two O atoms of the carboxyl group are not equivalent (Leiserowitz, 1976) . Were such proton switching to occur in a mixed acidoxime complex as shown below, it would involve equilibration of an acid-oxime complex (C) with a complex (D) (an acid molecule hydrogen bonded to a nitrone-like oxime tautomer). Although (D) would be expected to be less stable than (C), the nitrones * Only the E isomer of acetophenone oxime crystallizes in the hydrogen-bonded dimer structure. The Z isomer crystallizes as polymeric hydrogen-bonded chains. 
A CSA~>
122.6 (2) and their alkyl and aryl derivatives are a well known family of organic compounds.
It has been observed (Dieterich, Paul & Curtin, 1974; Patil, Curtin & Paul, 1985 ) that a plot of AO, the difference between the C-CO angles (corresponding to C 1B-C7B-O2B and C 1B-C7B-O3B in Fig.  1 ), versus At, the difference in C-O bond lengths (corresponding to C7B-O3B and C7B-O2B in Fig.  1) , for a number of crystalline metaand parasubstituted benzoic acids was approximately linear and the position of an acid on the line gave a measure of the extent of imbalance of the protonswitching equilibrium. In the case of the benzoic acid-acetophenone complex discussed here, the value of A0 (8.7 °) and the value of dr (0.113 A) fit very well on the line of the plot in the paper cited (Dieterich et al., 1974) at a position indicating a large degree of bias in favour of structure (C) as might be expected from the known stability of oximes relative to their nitrone-like tautomers. However, these results do not rule out the possibility that there is the same kind of dynamic disorder involving (C) and (D) as has been found in the carboxylic acids but with a much more unbalanced ratio of the two tautomers due to the instability of the (D) species relative to the (C) species.
Crystal packing
The crystal is made up of discrete oxime-acid units (Fig. 2) . There are no additional strong intermolecular interactions in the crystal. It may be noted that, unlike the cases of the benzoic acid and of the acetophenone oxime cyclic dimers, each hydrogenbonded complex in the oxime-acid crystal is polar. In other systems, co-crystals made up of chains of polar molecules have been shown to be polar (Etter, Frankenbach & Bernstein, 1989; ). However, the space group P2~/c of the present structure dictates that each polar complex must be accompanied by a corresponding complex, related by a centre of symmetry so that the j~ Fig. 2 . Stereo packing diagram of the oxime-acid complex viewed along b with the intermolecular hydrogen bonds between the oxime and carboxyl groups marked by thin lines.
resulting structure is centrosymmetric rather than polar.
Infrared spectra of the carboxylic acid-oxime complex
Carboxylic acids have been shown to have solidstate infrared spectra which differ according to whether the acid molecules crytallize as hydrogenbonded eight-membered cyclic dimers [(A) and (B)] or linear catamers (Leiserowitz, 1976; Walborsky, Barsh, Young & Impastato, 1961; Lin, Paul & Curtin, 1974) . Since acid-oxime complexes have apparently not previously been prepared, it was of interest to compare the solid-state infrared spectra of the complex with those of its ~omponents.
Acetophenone oxime in carbon tetrachloride solution shows a very sharp O-H stretching absorption at about 3600 cm-1., In the solid state, however, its structure has been shown (Gieren et al., 1986) to consist of six-membered cyclic dimer units roughly analogous to the eight-membered carboxylic acid dimers characteristic of benzoic acid and its relatives. The solid-state spectrum of acetophenone oxime, like the carboxylic acid dimer spectrum, shows no absorption at 3600 cm-I (free hydroxyl stretching) but only a very broad intense O-H stretching absorption at somewhat lower frequencies (2750-3250cm-1). The oxime absorption, however, is somewhat more compressed than the corresponding benzoic acid dimer absorption (2150-3150 cm-1). In Fig. 3 the spectrum of the complex in the solid state is compared with the sum of the spectra of the component acid and oxime measured independently. Solution spectra of l:l mixtures of oxime and benzoic acid (Fig. 4) show the oxime absorption at 3600 cm -~ (free hydroxyl) but its intensity is less than half the intensity of the same band in the absence of benzoic acid. This is consistent with the hypothesis made above that the oxime complexes more strongly with benzoic acid than with itself.
Phase diagram of the acetophenone oxime-benzoic acid mixture
The phase diagram (Fig. 5) is unusual for a system in which complex formation has been demonstrated, in that the sharp melting point for a 1:1 ratio of components does not correspond to a local maximum. The diagram does have some resemblance to those sometimes found for two substances that are miscible (from solid solutions) and form a 1"1 complex (Glasstone, 1940). C7H602.CsH9NO AND C7HTNO.C7H7NO was highly sensitive to the conditions employed. Amides are poorer hydrogen donors than carboxylic acids but stronger hydrogen-bond acceptors and it has been found that carboxylic acids undergo selfassociation in nonpolar solvents to a substantially greater extent than amides (Joeston & Shaad, 1974) . It is perhaps not unexpected, then, that the formation of an oxime-amide complex might be less favoured than the acid-oxime complex discussed above.
l " i.
The molecules of benzaldehyde oxime and benzamide that are complexed by hydrogen bonding, together with the numbering of their atoms, are shown in Fig. 6 . The atomic coordinates and the equivalent thermal parameters are given in Table 3 . The bond lengths and angles involving the non-H atoms are given in Table 4 . Fig. 7 shows a stereo packing diagram of a view along the c axis with the intermolecular hydrogen bonds between the oxime and the amide groups marked as dashed lines. 
Bond distances (A) and angles (°) involving non-hydrogen atoms for (E)-benzaldehyde oximebenzamide (l/l)
C--H, N--H and O--H bond lengths are in the range 0.89-1.03/k.
C6A--CIA--C7A 117.9 (2) 1.377 (4) CI A--C2A--C3A 120.2 (2) 1.382 (3) C2A--C3A---C4A 120.6 (2) 1.374 (4) C3A---C4A--C5A 119.4 (2) 1.484 (3) C4A--C5A--C6A 120.5 (2) 1.332 (3) C I A--C6A---C5A 120.6 (2) .241 (3) CIA--C7A--N1A 118.3 (2) .388 (3) CI A--C7A--OI A 120.3 (2) .371 (3) NIA--C7A---OIA 121.3 (2) .384 (4) C2B--C I B--C6B I 18.4 (2) .371 (4) C2B---C 1B--C7B 122.4 (2) .385 (3) C6B---C 1B---C7B I ! 9.2 (2) i.381 (4) CIB--C2B--C3B 120.7 (2) 1.460 (3) C2B---C3B--C4B 120.5 (2) 1.266 (3) C3B---C4B--C5B 119.3 (2) 1.404 (2) C4B--C5B--C6B 120.4 (3) C 1B--C6B--C5B 120.7 (2) CIB--C7B--NIB 121.4 (2) C7B--N1B--OIB 11 i.6 (2) 150 (3)A  and the N-H..-O angle is 162 (2) °. The distances in the oxime-acid complex, albeit involving either different donors or acceptors, are intermediate between the lengths typically found in acid-acid dimers, for example 2.627 (1) A in benzoic acid (Feld et al., 1981) , and those found in oximeoxime dimers, for example 2.81 (2)A in the a form of (E)-acetophenone oxime (Gieren et al., 1986) . By contrast, the O-H---O distance in the oxime-amide complex is quite short, indeed comparable to those generally found in acid-acid dimers, whereas the N-H..-N distance is quite long. Although benzoic acid dimers show dynamic disorder of the hydroxylic protons whereas the oxime-acid complexes are essentially ordered, it has been pointed out by Leiserowitz (1976) that there seems to be no correlation between the O-H-..O distance and the degree of disorder in dimers of crystalline carboxylic acids. The N-H...O hydrogen-bond length linking benzamide-oxime complexes together is also longer than those normally found cross-linking amide dimers, but this finding is not without precedent.
Benzaldehyde oxime in CHC13 solution has an absorption in the infrared at 3580 cm-t which is due to a free O-H stretching mode. A comparison of the CHCI3 solution spectra of the 1:1 mixtures (various concentrations) of benzaldehyde oxime and benzamide with those of the individual compounds (same concentrations) shows that the intensity of the absorption at 3580 cm-I is reduced by about onehalf when benzamide is present, indicating that complex formation takes place in solution as well as in the solid state.
Hydrogen-bonding dimensions in the two complexes
The two molecules of the benzoic acid-oxime complex are not coplanar; the dihedral angle between the planes of the two benzene rings is 22.76 °. The oxime group is almost coplanar with the ring to which it is bonded (dihedral angle of 4.85 ° ) whereas the dihedral angle between the carboxyl group and the attached ring is 13.44 ° . The two functional groups are rotated with respect to one another by an angle of 8.1 ° This work was supported by the National Science Foundation under grant CHE 85-10600.
Introduction
There has been great interest recently in the development of synthetic antineoplastic agents that complex with DNA (Zee-Cheng & Cheng, 1978; Zee-Cheng, Podrebarac, Mennon & Cheng, 1979; Showalter, Johnson, Werbel, Leopold, Jackson & Elslager, 1984) . The availability of a large number of synthetic intercalating antitumor drugs has led to renewed interest in the mode of action of intercalators. Structural studies show that the DNA-intercalating agents currently under development as antitumor drugs share the common structural feature of an aromatic
